group is a key structure in dol-P for apoptosis induction.
Dol-P is a mono-substituted phosphate ester with two minus charges under physiological conditions. Therefore, the significance of the phosphate group may be contributed to by the presence of a minus charge. The characteristics of the phosphate group are based not only on the charge but also the presence of a pentavalent phosphorus atom with a tetrahedral structure. In order to elucidate the physiological significance of the phosphate group, we prepared two dolichyl phosphate analogues, dolichyl sulfate (dol-S) and dolichyl diphenylphosphate (dol-DPP), and examined apoptosisinducing ability of these compounds.
Experimental
Proton and phosphorus nuclear magnetic resonance (NMR) was determined with a Varian X-300 NMR spectrometer (Varian Inc., CA, USA). Fast-atom bombardment mass spectra (FAB-MS) were recorded in positive mode on Thermoquest TSQ-700 (Thermo Electron Corps, MA, USA) with a mixture of triethanolamine and nitrobenzyl alcohol matrix. Preparative thin layer chromatography (TLC) was performed on HPLC-Fertigplatten Kieselgel 60 (Merck KGaA, Darmstadt, Germany). Dolichol was provided by Dr. Isao Yamazu, Serendip Research Institute, Tokyo Japan.
1 Preparation of Dolichyl Sulfate
Dol-S (II) was prepared following the procedures reported by Maltsev (9) and revised following procedures described for the sulfating reaction of tyrosine (10) (Scheme 1). To a stirred solution of 15 mg sulfur trioxide-dimethylamine complex (15 eq) in 0.3 mL dry N,N-dimethyl formamide (DMF), 10 mg dolichol (I) in 0.2 mL dry DMF was added slowly under an argon atmosphere. The mixture was stirred at 50 for 2 days. Solvent was removed under vacuum and the resulting oil was purified directly by preparative TLC to obtain 7.0 mg Dol-S (II) (66% yield) as a white solid. The reaction condition was not optimized. The preparation of dol-S was confirmed by 1 H NMR shift of methene protons (multiplate) adjacent to oxygen from 3.65 ppm (dolichol) to 4.08 ppm and positive FAB-MS corresponding to the masses of dol-S with isoprenyl chain length of n 14~16.
Preparation of Dolichyl Diphenylphos-
phate Diphenyl ester of Dol-P (III) was prepared following the procedures described for phosphorylation of sugars (11) (Scheme 1). To a stirred solution of 10 mg dolichol in dry 0.5 mL pyridine kept at -5 under an argon atmosphere, 15 mL diphenyl chlorophosphate (10 eq) was added slowly. The mixture was stirred for 1 hr at -5 , then brought to room temperature and stirred further The preparation of dol-DPP was confirmed by 1 H NMR shift of methene protons (multiplate) adjacent to oxygen from 3.65 ppm (dolichol) to 4.27 ppm and presence of ten phenyl protons, corresponding to the presence of two phenyl groups, at 7.13-7.34 ppm (multiplate).
31 P NMR showed single triplet at 27.59 ppm, split by two methene protons adjacent to phosphorusbound oxygen.
3 Cell Culture and Viability
The human promonoblastic leukemia cell line U937 was grown in RPMI 1640 supplemented with 10 % fetal calf serum and placed in each well of a 24-well plate. Dolichyl phosphate or its analogues, dissolved in ethanol and n-dodecane (98 : 2 by volume) (ED), was applied to induce apoptosis, as described (2) . Cells cultured with the same concentrations of ED were prepared as a reference for treated cells. The cells were incubated for the required time and pelleted by centrifugation.
Cell viability was determined by counting the number of living and dead cells using trypan blue staining.
All measurements obtained in this research were taken in triplicate.
4 Cell Morphology
The cells treated with various reagents were centrifuged at 1,000 rpm for 5 min. The obtained pellet was washed with phosphate-buffered saline (PBS). After the second centrifugation, the cells were suspended in a small amount of PBS and morphology was observed under a microscope equipped with difference interference contrast (DIC) (Olympus BX 51, Tokyo, Japan). For nuclear morphological observation, cells were stained with Hoechst 33342 and examined using a fluorescent microscope (Olympus BX 51).
5 Detection of DNA Fragmentation
Agarose gel electrophoresis was used to detect internucleosomal DNA cleavage. Detailed methods of DNA extraction from cell preparations and agarose gel electrophoresis were as described (2) . Cleaved DNA fragments were stained with SYBR TM Green I (Molecular Probes, Inc., OR, USA) and detected by FluorImager TM 595 (Amersham Biosciences, NJ, USA). Hi-Lo TM DNA marker (AVTEC, Hokkaido, Japan) was used as a reference.
6 Activations of Caspase-3 and 8 by
Western Blotting Cell pellets were suspended in 1 sample buffer mixed vigorously and heated for 5 min at 100 . Cell proteins (50 mg protein/lane) were separated on 14 % SDS-polyacrylamide gels, transferred to a nitrocellulose membrane and probed with anti-caspase-3 p11 (K-19) goat polyclonal IgG (Santa Cruz Biotechnology, CA, USA) for caspase-3, or anti-caspase-8 p20 (H-134) rabbit polyclonal IgG (Santa Cruz Biotechnology) for caspage-8, followed by anti-goat IgG-AP (Santa Cruz Biotechnology) for caspase-3, or anti-rabbit IgG-AP (Promega, WI, USA) for caspase-8. Products were visualized by detection of alkaline phosphatases by 5-bromo-4-chloro-3-indolyl-phosphate and nitroblue tetrazolium (12) and compared with SDS-PAGE Standard Low (Bio-Rad, CA, USA).
Results and Discussions
To examine the relationship between the structure and apoptosis-inducing ability of dol-P, we decided to use dol-S as a polar analogue of dol-P. The sulfate group is negatively ionized in solution and has a tetrahedral structure a similar to the phosphate group. Since dolichoic acid did not induce apoptosis (2), the head group having smaller pKa than carboxylic acids was selected. Dol-DPP was selected as a non-polar dolichyl phosphate analogue to examine apoptosis induction, because of its stability and ease of synthesis.
The apoptosis-inducing ability was determined by cell viability, cell morphology, DNA fragmentation, and activations of caspases-3 and 8.
The cell viability was measured by counting living and dead cells using trypan blue staining where living cells exclude but dead cells incorporate trypan blue, and 343 expressed as the percentage of dead cells (Fig. 1) . The percentage of dead cells in dol-S treated cells increased according to the incubation time and the concentration of dol-S. On the other hand, dol-DPP treated cells showed no significant increase in number of dead cells even at 10 mM.
The morphology of cells was observed after 3hr induction. The cells treated only with ED used to dissolve dol-S, showed clear circular nuclei both by a microscope equipped with DIC and staining by Hoechst 33342 which is a cell permiant, minor groove-binding DNA stain that fluoresces bright blue upon binding to DNA (Fig. 2. [A]-A). However, cells treated with dol-S showed completely different characteristics with distinct condensation of chromatin inside the nucleus and formation of small fragments as shown in Fig. 2 [A] -B. No morphological changes were detected in dol-DPPtreated cells (Fig. 2. [A]-C). The study of cell viability and morphology of dol-DPP-treated cells clearly showed that dol-DPP did not induce apoptosis in U937 cells.
Dol-S was investigated for further apoptosis experiments. Fragmentation of DNA was observed by SYBR TM Green I nucleic acid gel staining. Dol-S treated cells showed increased DNA fragments in a dosedependent manner, characteristic of apoptotic cells (Fig. 2. [B] ). From DNA fragmentation patterns, the cells treated with 0.3 mM dol-S (Fig. 2. [B] lane 3) and with 6.0 mM dol-P (Fig. 2. [B] lane 1) showed a similar apoptosis inducing capacity. These results indicated that dol-S was an effective apoptosis-inducing reagent, and required only about one-twentieth of the concentration of dol-P to produce the same effect.
The activations of caspase-3 and caspase-8 were determined by dissociation of caspase substrate peptides, using Western blotting. Caspase-8 is an initiator caspases, which is at the upper stream of the caspase cascade, whereas caspase-3 is the apoptosis execution factor that mediates DNA fragmentation (13) . After cell stimulation with 0.3 mM dol-S for 3hr, the Western blotting of anti-caspase-8 showed procaspase bands at 55 KD and new sub unit bands at 43 KD, indicating caspase-8 activation (Fig. 3-A) . Similarly, the Western blotting of anti-caspase-3 showed a procaspase band at 32 KD and a new sub unit band at 12 KD, characterizing activation of caspase-3 ( Fig. 3-B) .
Conclusion
From the observations in this study, we concluded that dol-S, which has a strong negative charge, induced U937 cell apoptosis. This was confirmed by reduction of cell viability, observations of chromatin condensation and DNA fragmentation, and activation of caspases-3 and 8. Moreover, it was suggested after DNA fragmentation study, that Dol-S was about 20 times more efficient at inducing apoptosis than dol-P in U937 cells. On the other hand, dol-DPP, which has a phosphate group with no charge, caused no effects in U937 cells, even at very high concentration. Therefore, the essential characteristic of apoptosis inducing ability is not pentavalent phosphorus, but the charged group of dol-P. This result is similar to the report of apoptosis induction of biomaterial adherent macrophage by negatively charged biomaterial surface in vivo (14) . However, the charge on the long carbon chain is not the sole factor for apoptosis because decyl sulfate did not induce apoptosis in U937 cells (data not shown). We have previously suggested that apoptosis-inducing ability of lipids depends on the well-controlled transfer of lipid inducers to the cell membrane, and especially the ability to form a stable emulsion (3). Since dol-S with charge and dol-DPP with no charge are expected to form emulsions with different stabilities when they are dissolved in ED and dispersed in aqueous medium, it was suggested that dol-S formed the stable emulsion and induced cell apoptosis. Further experimental work is needed to elucidate the mechanism of cell apoptosis by dol-S.
